Introduction
A problem of Low Frequency Oscillations (LFO) in a power system limit the power transmission ability of a network, damages the efficient operation of a system and decreases the security and stability level of power grid. These oscillations are due to the development of interconnection of large power systems and frequently exhibit weak damping when the total power transfer through a path is high relative to the transmission strength [1] .
The traditional solution to damp these oscillations is the use of Power System Stabilizer (PSS). The modern power systems are becoming more heavily loaded and are being operated in ways not originally envisioned than before. The dynamic characteristics vary for different operating conditions [2] . Therefore, using only PSS may not provide adequate damping for the oscillations of a large power system [3] .
Flexible Ac Transmission System (FACTS) devices are the technology that provides the controllability and flexibility for power system operations to achieve fully utilize of the existing power systems [4] . Unified Power Flow Controller (UPFC) device is now recognized as the most important in the FACTS devices because it can provide a full compensation, i.e. voltage regulation, phase shifting regulation, impedance compensation and reactive compensation [5] . Beside these primary control functions, it is also capable of enhancing the stability of the power system by the addition of a supplementary damping, which can be installed on any control channel of the UPFC inputs to implement the task of Power Oscillation Damping (POD) controller [6] .
To improve overall system performance, multiple stabilizers are one of the most methods used to damp the LFO, but the interaction between them may stabilize or destabilize the damping of power system oscillations. In order to overcome the problem of interactions among multiple damping controllers, coordinated design is a necessity both to make use of the benefits of multiple stabilizers, which will enhance system stability and reduce possible negative interactions among the effects of these different stabilizers [7] . Recently, the Particle Swarm Optimization (PSO) technique has appeared as a useful tool to produce excellence solutions in short time for solving optimization problem. Many researchers have adopted PSO technique [8] [9] . The simple PSO greatly depends on its parameters and it is not guaranteed to be global convergent. In order to improve the global searching ability and prevent a slide into the premature convergence to local minima, PSO and chaotic sequence techniques are combined to form a Chaotic Particle Swarm Optimization (CPSO) technique.
This paper proposes to use UPFC device in damping power system oscillation by the addition of a power oscillation damping UPFC-POD controller and its coordinated design with PSS. The CPSO technique was applied in design of the individual and coordinated damping controllers based on an eigenvalue objective function. Simulation results for a SMIB equipped with UPFC device shows that the coordinated design has better damping ability for LFO than their individual control responses and the ( ) provide the best one damping characteristic among all coordinated designs, which enhanced the stability of the power system significantly. Figure 1 shows a SMIB equipped with an UPFC. The synchronous generator is supplying electric power to the infinite-bus through a transmission line and an UPFC. The UPFC consists of two three-phase GTO based voltage source converters one in shunt (VSC-1) and another is in series (VSC-2) which are coupled by a common dc link. In order to maintain bi-directional power flow between the series and shunt converters, each converter is coupled to the transmission line through an excitation transformer (ET) and a boosting transformer (BT). The four input control signals to the UPFC m E , m B , δ E and δ B are represented the amplitude modulation ratio and phase angle signals of each converter. These parameters are considered as UPFC control inputs to provide synchronized power compensation in series line without external voltage source [10] .
Mathematical Model for SMIB Equipped with UPFC of Power System

Fig 1. SMIB power system equipped with UPFC
Nonlinear Dynamic Model of UPFC. The dynamic model of the UPFC is required in order to study the effect of the UPFC for enhancing the small signal stability of the power system. By applying Park's transformation and neglecting the resistance and transient of the ET and BT transformers, the UPFC can be modeled as [11] :
where , and are the excitation voltage, current and reactance, respectively; , and are the boosting voltage, current and reactance, respectively; and are the DC-link capacitance and voltage, respectively.
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Nonlinear Model of the Power System. The nonlinear model equations of the SMIB system as shown in Fig. 1is described by [3] :
where is the synchronous speed; and are the rotor speed and angle, respectively; P m and P e are mechanical input and electrical output power of the generator, respectively; M and D are the machine inertia and damping coefficient, respectively; , and ̀ are the generator field voltage, generator internal voltage and transient generator internal voltage, respectively; is the time constant of excitation circuit. The excitation system is represented by a first order (IEEE type -ST1) [12] .
where and are the gain and time constant of excitation system, respectively; is the reference voltage. The output power of the generator can be expressed in terms of the d-axis and qaxis components of the armature current , and terminal voltage as
where is the d-axis reactance, is the q-axis reactance and ̀ is the d-axis transient reactance.
Linearized Model of the Power System Equipped with UPFC. Linear dynamic model of the power system is obtained by linearizing the nonlinear equations (1-8) around nominal operating point. The linearized model of the power system as shown in Fig. 1 is given as follows:
where: For nominal operating condition, the dynamic behavior of the system is recognized through the eigenvalues of the system matrix A. By solving the system characteristic equation | | the eigenvalues of the system are computed, which are given below:
It is clearly seen from eigenvalues of the matrix A that the system is unstable and needs a supplementary stabilizer for stability.
Design of Optimal controllers PSS and UPFC-POD
In order to overcome the LFO problem, supplemental control action applied to generator excitation in form of PSS or UPFC device in form of power oscillation damping POD controller. The four main control loops parameters of the UPFC ( , , and ) can be modulated in order to produce the appropriate damping torque, Which is illustrated in Fig. 2 .
The POD controller has a structure similar to that of the PSS controller. Fig. 3 shows a sample block diagram of a POD controller. The controller contains three main blocks, i.e., the gain block, the washout filter block, and (lead-lag) phase compensators. The washout filter block acts as a highpass filter to eliminate the DC offset of the POD output and prevent steady-state changes in the terminal voltage of the generator. From this perspective, the washout time Tω should have a value in the range of 1 to 20 seconds defined to the electromechanical oscillation modes and two blocks (lead-lag) phase compensators [13] .
In this study, the time constants, Tω, T 2 , and T 4 , were assigned specific values of 10s, 0.1s, and 0.1s, respectively, while the parameters of the controller, i.e., K N , T 1 , and T 3 need to be determined. The speed deviation Δω used as an input signal to the POD, and U N is the controller output.
The Supplementary Damping Stabilizer (lead-lag type) can be described mathematically as:
where G(s) is the transfer function of the POD controller, Y(s) is the measurement signal and U(s) is the output signal from the POD controller, which will provide additional damping by moving modes to the left. Equation (18) can be expressed in state -space form as: 
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where is the controller state vector. Equation (17) describes a linear model of the power system extracted around a certain operating point. combining equation (17) with equation (19), we obtained a closed-loop system.
where is the state vector of the closed loop system, is the ith eigenvalue (mode) of the closed loop matrix , the damping coefficient of the ith eigenvalue. It is clear that the objective function will identify the minimum value of the damping coefficient among modes.
The goal of optimization process is to maximize in order to realize appropriate damping for all modes including electromechanical mode eigenvalue, by moving the dominant poles to the desired location, which enhance the system damping characteristics, and maximum is searched for in the limited range of control parameters.
; where:
and Typical ranges of the optimized parameters are [0.1-100] for and [0.01-1] for . Particle Swarm Optimization PSO Algorithm. In the PSO, each possible solution is represented as a particle, and each set of particles comprises a population. Each particle keeps its position in hyperspace, which is related to the fittest solution it ever experiences in a special memory called pbest. In addition, the position related to the best value obtained so far by any particle in the population is called gbest. For each iteration of the PSO algorithm, the pbest and gbest values are updated, and each particle changes its velocity toward them randomly. This concept can be expressed as:
,
where is the particle velocity, is the particle position, is the number of iterations, is the inertia weight factor, and are the cognitive and asocial acceleration factors, respectively, is the number of particles, and and are the uniformly-distributed random numbers in the range (0, 1) [14] . The procedures involved in PSO optimization are as follows:
1. Select PSO parameters: the number of particles (n); the cognitive and asocial acceleration factors c 1, c 2 ; the inertia weight factor (w) and the maximum number of iterations. 2. Generate initial population randomly. 3. Calculate eigen values and analysis of a closed-loop system. 4. Calculate fitness of particles in the current population. 5. Evaluate performance index J. 6. If the value of J obtained is maximum, then the optimum value of control parameters is equal to those obtained in the current generation, otherwise go to step 7. 7. Update pbest and gbest values. 8. The PSO stops when a pre-defined maximum number of generations are realized or when the value of J is maximum. Chaotic Particle Swarm Optimization (CPSO). The main disadvantage is that the performance of the simple PSO algorithm greatly depends on its parameters and it is not guaranteed to be global convergent. In order to improve the global searching ability and premature convergence to local minima, PSO and chaotic sequence techniques are combined to form a chaotic particle swarm optimization (CPSO) technique, which practically combines the population-based evolutionary searching ability of PSO and chaotic searching behavior. The Logistic equation, which is employed for constructing hybrid PSO described as [15] . 
To improve the global searching capability of PSO, a new velocity update equation as follows:
Observe that the proposed new weight decreases and oscillates simultaneously for total iteration, whereas the conventional weight decreases monotonously from to . The final choice of a parameter was considered to be the optimal choice: swarm size, , , , , , and are chosen as 30, 100, 2, 2, 0.3, 0.9, 4 and 0.3 respectively.
Simulation and comparison results
Figures 4-7 show the effect of applying the individual controllers and coordinated designs for PSS and different UPFC-POD controllers in a SMIB of speed deviation with 10% step change in mechanical input power. The resultant optimal parameters of the individual controllers and coordinated designs are given in Table 1 and Table 2 , respectively. Fig. 4 and Fig. 5 demonstrate great improvement in overshoot and settling time of the system response while using the coordinated designs ( ) and ( ) over their individual control responses. Fig. 6 shows an improvement in damping and deterioration in settling time of the system response while using the coordinated design ( ) over their individual control responses. Fig. 7 shows the best response in the coordinated designs while using the coordinated control ( ) over their individual control responses because it improved both damping parameters overshoot and settling time.
Conclusions
This paper introduces the ability of UPFC device in damping power system oscillation and the dynamic interactions of UPFC-POD controllers in coordination with PSS. The CPSO technique is applied in design of the individual and coordinated damping controllers. The simulation results showed the best damping effects resulting from using coordinated designs between UPFC-POD controllers and PSS are much higher than those resulting from using their individual controllers. In addition, the coordinated design ( ) provides superior performance in comparison with all coordinated designs. 
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